Abstract: A semiconductor quantum-optical theory is developed and applied to address questions involving thresholdless lasing and increasing single-photon production rate. Excitation dependences of intensity, coherence time, photon autocorrelation function and carrier spectral hole burning are described.
Nanofabrication advances have reduced size and improved quality of optical cavities, resulting in the realization of nano-dimensioned emitters. Technological motivation for miniaturizing lasers comes from applications where reducing power consumption is a priority, e.g. the internet and electronic computing. The scientific motivation involves generation of nonclassical light, enabled by high-Q nanocavities operating with one to few quantum dots. Nonclassical light sources, especially single-photon sources, are important to quantum computing and quantum communication research.
This paper describes a theory for nanoemitters. The radiation field is quantized to describe changes in emission properties in the neighborhood of lasing threshold, and situations when nonclassical light is produced. Also treated quantum mechanically, the active medium consists inhomogeneously-broadened semiconductor quantum dots embedded in quantum wells, where carriers are introduced via current injection. [1, 2] The theory is applied to investigate two aspects of nanoemitter behavior, involving controversy and application potential: thresholdless lasing with unity spontaneous emission factor and high single-photon production rate with few-quantum-dot active regions. It is found that a combination of intensity, coherence time, equal-time 2 nd order photon correlation and carrier spectral hole burning can provide a unique and consistent description for these new operational regimes.
Concerning thresholdless lasing, nanocavities allow for a possibility of all emission (both spontaneous and stimulated) being channeled into only one optical mode (a cavity property quantified by spontaneous emission factor, = 1). A consequence is vanishing of the jump in output intensity versus pump, customary used to indicate transition to lasing (dashed curve, Fig. 1 ). There are claims that the phenomenon implies thresholdless lasing. However, much debate continues regarding the criteria for lasing and lasing threshold in this situation. Our theory indicates that the answer come from examining the equal-time 2 nd order photon correlation, g (2) (0). The solid curve in Fig. 1 disputes the notion of thresholdless lasing. Even though the intensity jump disappears with = 1, g (2) (0) versus excitation indicates a relatively sharp onset of coherent emission (g (2) (0) = 1). Fig. 1 . Combination of averaged photon number (dashed curve) and zero-delay 2 nd order intensity correlation (solid curve) providing information on transition to lasing in a nanolaser, where there is complete channeling of spontaneous emission into lasing mode ( = 1). Calculations were performed for a 50 quantum dot active region.
Concerning emission exhibiting nonclassical photon statistics, extremely high-Q nanocavities allow operation with very few emitters (quantum dots). Our theory predicts pronounced photon antibunching (g (2) (0) < 1) when the number of quantum dots in the active region is reduced to less than ten. Furthermore, with proper choice of cavity outcoupling, it is possible to extend the nonclassical-light emission to very high excitation (see solid curve, Fig. 2 ). The possibility of maintaining g (2) (0) 0.5 with a few-quantum-dot active medium gives hope for higher singlephoton production rate. 
